This study demonstrates that growth of Staphylococcus aureus in the presence of salicylate reduces ultraviolet C (UVC)-induced cell death and increases the generation of reactive oxygen species (ROS). In addition, compounds that scavenge ROS (N-acetylcysteine, glutathione, catalase and superoxide dismutase) reverse the increased UVC survival induced by growth in the presence of salicylate, while ROS donors (tert-butylhydroperoxide, H 2 O 2 and NaClO) enhance survival of salicylate challenged cultures. Collectively, these findings suggest that ROS production induced by growth in the presence of salicylate protects S. aureus from UVC-induced cell death.
INTRODUCTION
Ultraviolet (UV) is divided into three regions according to the range of wavelength: UVA (320-400 nm), UVB (280-320 nm) and . Being termed 'germicidal UV', UVC is known to have germicidal effects on a range of microorganisms, which results from damage to DNA (Ravanat, Douki and Cadet 2001; Gallagher and Lee 2006) .
It has been proposed that reactive oxygen species (ROS) play an important role in cell death induced by challenge with lethal concentrations of antimicrobial (Webb and DiRuggiero 2012; Sperandio, Huang and Hamblin 2013; Kashyap et al. 2014) ; however, this proposal has recently been challenged (Kohanski, DePristo and Collins 2010; Cai et al. 2017) .
Salicylate is the active component of the non-steroidal anti-inflammatory aspirin. Surprisingly, growth in the presence of salicylate also has numerous effects on bacterial physiology and virulence, and induces a multiple antibiotic resistance phenotype in numerous bacterial species (Cohen et al. 1993; Kunin, Hua and Bakaletz 1995; Okusu, Ma and Nikaido 1996; Price, Lee and Gustafson 2000; Pomposiello, Bennik and Demple 2001; Bazyleu and Kumar 2014) . Growing Staphylococcus aureus in the presence of salicylate alters glycolysis, gluconeogenesis, antimicrobial efflux and other metabolic pathways in this organism (Riordan et al. 2007) . Salicylate also induces a reduced antimicrobial susceptibility mechanism in S. aureus (Gustafson et al. 1999; Gustafson et al. 2001; Price and Gustafson 2001; Price, Kaatz and Gustafson 2002; Riordan, O'Leary and Gustafson 2006) .
We now report that growth in the presence of salicylate also enhances survival of S. aureus following UVC exposure which appears to be caused by salicylate-induced increase in ROS production.
MATERIALS AND METHODS

Reagents
Salicylate, N-acetylcysteine (NAC), glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), hydrogen peroxide (H 2 O 2 ), tert-butylhydroperoxide (tBHP), 2',7'-dichlorofluorescein diacetate (DCFDA) and sodium hypochlorite (NaClO) were purchased from Sigma Aldrich (St Louis, MO, USA). The assay kits of CAT and GSH-PX were from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).
Bacterial strains and culture conditions
Staphylococcus aureus JCM2413
T were cultured overnight on a rotary shaker (220× g) in LB (Luria-Bertani)-rich medium (1% tryptone, 0.5% yeast extract and 1% NaCl) at 37
• C. The bacteria growing at the stationary phase were centrifuged, resuspended in fresh LB, and then irradiated with different doses of UVC in the absence or presence of salicylate, or in combination with ROS scavengers or donors. After that, cells were incubated in a shaking incubator at 37
• C for 12 h.
UVC exposure
The bacteria were harvested by centrifugation at 14 000× g (10 min) over a period of 24 h in culture at 37
• C, and then were resuspended in fresh LB medium. Cell suspensions with a volume of 500 μL were placed in sterile glass Petri dish with 45 mm diameter (ensuring a bacterial monolayer) and exposed to different doses of UVC (135-1080 J/m 2 ) with gentle shaking at room temperature. Then, the cells were cultured at 37
• C for 12 h. The radiation dose was adjusted by a UVC spectra radiometer (Lin technology, Shenzhen, China), with emission of UVC radiation ranging from 230 to 280 nm with a peak at 254 nm.
Colony forming unit assay
The survival ratios of S. aureus were determined by bacterial colony forming units (CFU). Cells subjected to the indicated treatments were collected, diluted in LB to a density of 10 9 and 200-μL aliquots were spread-plated (at least in triplicates) in LB medium solidified with 1.5% agar. Colonies were counted after incubation at 37 • C overnight.
Flow cytometric analysis
Intracellular production of ROS was detected using the probe DCFDA (Perez et al. 2007) . Cells subjected to the indicated treatments were collected, washed with 10 mM potassium phosphate buffer (pH 7.0), adjusted with the probe (final concentration 10 μM) and incubated at 37
• C for 60 min in dark. DCFDA-stained cells were analyzed by using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Statistical analysis
All experiments were repeated three times with duplicate samples. Data were analyzed by analysis of variance (ANOVA) and Tukey-Kramer multiple-comparison test of a statistical analysis system (SPSS). Data were expressed as means ± standard deviation (SD). A P value of <0.05 was considered as statistically significant.
RESULTS AND DISCUSSION
In this research, the dose-dependent cytotoxic effect of UVC was observed in S. aureus (Fig. 1A) . UV was reported to upregulate production of ROS that caused oxidative damages (Pfeifer 1997) . Therefore, we determined the ROS level by analyzing the DCF positive ratio. Results showed that UVC increased ROS production, reaching the maximum at 270 J/m 2 . Then, its production declined in higher doses which might be due to the cell dysfunction (Fig. 1B) .
To investigate the effect of salicylate in UVC-irradiated S. aureus, we used salicylate with the concentration from 0.5 to 4 mM (Wood and Cluzel 2012) . Salicylate treatment alone on S. aureus did not affect cell viability ( Fig. 2A) . Interestingly, UVC-induced S. aureus cell death was attenuated by administration of 2 mM salicylate (Fig. 2C) . It was reported that salicylate protected Escherichia coli from ciprofloxacin-induced cell death via enhancing generation of ROS (Wang, El Meouche and Dunlop 2017 ). Thus, we tested whether ROS were responsible for the UVC resistance in salicylate-treated S. aureus. As illustrated in Fig. 2D , the level of ROS was higher for cells treated with salicylate, and this effect reached maximum at 2 mM. However, there was no obvious change by the treatment with salicylate alone (Fig. 2B) . Together, these results suggested a possible relationship between ROS production and cell protection by salicylate treatment.
In order to verify this hypothesis, NAC, a water-soluble and membrane permeable aminothiol with antioxidant potential, was applied. (Zhang et al. 2014; Feng et al. 2015) . As expected, NAC significantly reduced the ROS level in salicylate-treated S.aureus after UVC irradiation (Fig. 3A) . Treatment with NAC alone did not significantly affect cell viability of S. aureus (Fig. 3B) . However, NAC downregulated the protective effect of salicylate on UVC-irradiated S. aureus, demonstrating a protective role of the ROS induced by salicylate treatment (Fig. 3B) . Another ROS scavenger (GSH) and two antioxidant enzymes (SOD and CAT) were also used, and results were similar to those observed following NAC treatment ( Fig. 3C-E) .
To further confirm the role of ROS, tBHP (an ROS donor, an organic hydroperoxide) (Kumar and Muralidhara 2007) was used in the following experiment. The pretreatment with tBHP enhanced the ROS level increased by salicylate in UVC-irradiated S. aureus (Fig. 4A) . As shown in Fig. 4B , tBHP further enhanced the cell survival of UVC-irradiated S. aureus treated with salicylate, even when tBHP alone had little effect on cell growth. Moreover, both H 2 O 2 and NaClO (ROS donors) enhanced the pro-survival effect of salicylate in UVC-irradiated S. aureus ( Fig. 4C and D) . Collectively, the results implied that ROS play a role in salicylateinduced resistance to UVC irradiation of S. aureus.
Although it is well documented that resistance of microorganisms to UVC frequently develop after excessive repetition of UVC irradiation (Alcantara-Diaz, Brena-Valle and SermentGuerrero 2004), knowledge of the effect of salicylate on UVC resistance is still limited. Interestingly, the present investigation provides a new finding: salicylate increases bacterial persistence under lethal doses of bactericidal UVC, and the effect is mediated by the production of ROS.
Our findings are consistent with the recent observation that salicylate seems to increase the survival ratio in ciprofloxacintreated E. coli via ROS and that ROS enhances the cephalosporin resistance of Enterococcus faecalis (Djoric and Kristich 2015) . ROS produced by sub-lethal levels of antibiotics activates SOS system in bacteria, an important survival mechanism that leads to antibiotic-resistant mutation of the bacterium (Peng et al. 2011; Rosato et al. 2014) . Therefore, we speculated that salicylate might protect S. aureus against UVC-induced cell death through regulating SOS response. However, the mechanism remains to be clarified. 
. Data are means ± SD from three independent experiments. ( * P < 0.05, * * P < 0.01, * * * P < 0.001).
